Tegnér, Jesper, Jeanette Hellgren-Kotaleski, Anders Lansner, channels even though GABA B receptor activation will affect the sAHP indirectly and also presynaptic inhibition. and Sten Grillner. Low-voltage-activated calcium channels in the lamprey locomotor network: simulation and experiment. J. Neurophysiol. 77: 1795Neurophysiol. 77: -1812Neurophysiol. 77: , 1997. To evaluate the role of low-voltageactivated (LVA) calcium channels in the lamprey spinal locomotor I N T R O D U C T I O N network, a previous computer simulation model has been extended to include LVA calcium channels. It is also of interest to explore
In the lamprey locomotor system, the spinal circuitry unthe consequences of a LVA conductance for the electrical behavior derlying locomotion has been characterized in considerable of the single neuron. The LVA calcium channel was modeled with detail (see Grillner et al. 1995) . On the segmental spinal voltage-dependent activation and inactivation using the m 3 h form, level, it consists of local excitatory interneurons (Buchanan following a Hodgkin-Huxley paradigm. Experimental data from and Grillner 1987) , which ipsilaterally excite motor neurons, lamprey neurons was used to provide parameter values of the single and inhibitory premotor interneurons, notably the crossed, cell model. The presence of a LVA calcium conductance in the caudally projecting interneurons that provide reciprocal inhimodel could account for the occurrence of a rebound depolarization bition between the left and right sides, thus assuring alternatin the simulation model. The influence of holding potential on the occurrence of a rebound as well the latency at which it is elicited ing activity (Buchanan 1982) . In addition, the cellular propwas investigated and compared with previous experiments. The erties of circuit neurons play an important role in the basic probability of a rebound increased at a more depolarized holding mode of operation. For instance, the slow afterhyperpolarizapotential and the latency was also reduced under these conditions. tions (sAHP) after each action potential summate during Furthermore, the effect of changing the holding potential and the repetitive firing, and the N-methyl-D-aspartate (NMDA) rereversal potential of the calcium dependent potassium conductance ceptor-induced membrane properties may help in terminatwere tested to determine under which conditions several rebound ing the burst activity on the active side (El-Manira et al. spikes could be elicited after a single inhibitory pulse in the simula-1994; Sigvardt et al. 1985; Wallén and Grillner 1987 ). Thus tion model. A reduction of the slow afterhyperpolarization (sAHP) the central pattern generator network operates through an after the action potential reduced the tendency for a train of rebound interaction between intrinsic membrane properties and synspikes. The experimental effects of g-aminobutyric acid-B aptic interactions. The spinal network is normally activated (GABA B ) receptor activation were simulated by reducing the maximal LVA calcium conductance. A reduced tendency for rebound from the brain stem via glutamatergic synaptic transmission firing and a slower rising phase with sinusoidal current stimulation (NMDA and non-NMDA receptors) (Grillner et al. 1991;  was observed, in accordance with earlier experiments. The effect McClellan and Grillner 1984; Ohta and Grillner 1989) , of reducing the slow afterhyperpolarization and reducing the LVA whereas experimentally the isolated spinal cord also can be calcium current was tested experimentally in the lamprey spinal activated by adding excitatory amino acids to the bath (Cocord, during N-methyl-D-aspartate (NMDA)-induced fictive loco-hen and Wallén 1980; Grillner et al. 1981 Grillner et al. , 1991 .
motion. The reduction of burst frequency was more pronounced Computer simulations on the network level have been with GABA B agonists than with apamin (inhibitor of K (Ca) current) essential for gaining insight into the mode of operation of when using high NMDA concentration (high burst frequency).
this network. Detailed model neurons of the Hodgkin-HuxThe burst frequency increased after the addition of a LVA calcium ley type (Hodgkin and Huxley 1952) equipped with Na / , current to the simulated segmental network, due to a faster recovery K / , Ca 2/ , and calcium-dependent potassium channels, during the inhibitory phase as the activity switches between the sides. This result is consistent with earlier experimental findings K (Ca) , were used to simulate the segmental network (Grillner because GABA B receptor agonists reduce the locomotor frequency. Wallén et al. 1992) . The These results taken together suggest that the LVA calcium channels model network exhibited a broad frequency range comparacontribute to a larger degree with respect to the burst frequency ble with that seen experimentally. In addition, simulations regulation than the sAHP mechanism at higher burst frequencies. of the brain stem-spinal cord network, including movement The range in which a regular burst pattern can be simulated is sensory-related feedback Tråvén et al. extended in the lower range by the addition of LVA calcium chan-1993) , has been performed to analyze to what extent the nels, which leads to more stable activity at low locomotor frequenmodel system can account for the experimental observations.
cies. We conclude that the present model can account for rebound During forward swimming, there is a rostrocaudal delay befiring and trains of rebound spikes in lamprey neurons. The effects tween the segments that is Ç1% of the cycle duration (i.e., of GABA B receptor activation on the network level is consistent with a reduction of the calcium current through LVA calcium a constant phase lag). The intersegmental coordination also Hodgkin and Huxley 1952; Tråvén et al. 1993;  has been modeled in detail using Hodgkin-Huxley neurons Wallén et al. 1992) , containing a soma, a small initial segment (Waddén et al. 1995 ) and in a more abstract level by reprecompartment, and a three-compartment dendritic tree. Parameters senting the segments as a chain of nonlinear oscillators (Coof the cell model have been matched previously to the properties hen et al. 1992; Kopell 1988; Williams 1992) .
of lamprey spinal neurons (Brodin et al. 1991; Ekeberg et al. Different modulatory systems control the activity of the spinal 1991). The soma is equipped with Na / , K / , high-voltage-acticircuitry, for example GABAergic and serotonergic neurons, act vated calcium, low-voltage-activated calcium (see below), and on Ca 2/ and K (Ca) channels, respectively (Matsushima et al. K (Ca) channels. The initial segment has sodium and potassium con-1993; Tegnér et al. 1993; Wallén et al. 1989 ). The ability of ductances. The three dendritic compartments have, in addition to some of these cellular mechanisms to account for the effects their passive properties, ion channels representing input synapses.
The inhibitory synapses are located on the dendritic compartment observed on the network level has been tested in the previous adjacent to the soma whereas the excitation is placed on the second simulations discussed above. In this study, we investigate further dendritic compartment (Ekeberg et al. 1991; Russell and Walléń the GABAergic modulation of one type of calcium channel 1983). Excitatory and inhibitory synaptic effects are modeled as that is activated at low membrane potentials to produce action conductance increases in the respective dendritic compartment. On potentials. This low-voltage-activated (LVA) calcium conduc-the excitatory side, there are voltage-dependent NMDA receptor tance can be activated after a preceding hyperpolarization. Cal-channels as well as fast a-amino-3-hydroxy-5-methyl-4-isoxazolecium channels have been classified into two main groups (No-propionic acid (AMPA)/kainate synapses, both of which are satuwycky et Tsien et al. 1988) . The high-voltage-activated rating. This accounts for the fact that the synaptic conductance class (HVA) includes the P (Mintz et al. 1992 ; Usowicz et al. cannot grow without limit as the firing frequency of the presynaptic 1992), N, and L type. The T channels are included in the LVA cell increases (Tråvén et al. 1993) . Even though it is likely that active conductances are present on the dendrites, we have not group. When a neuron is kept depolarized, the LVA calcium extended the cell model in this direction, because sufficient data channels become inactivated. If a neuron is hyperpolarized by is as yet lacking. In all single cell simulations, only the steady an inhibition, the inactivation is removed (i.e., deinactivation), state condition was analyzed. Parameters used in this study for the and, consequently, a LVA calcium current is activated that can single cell (without LVA properties) are found in Table 1 Coulter et al. 1989; , and it represents at least one-third of the estimated number of C and cerebellar inferior olivary neurons (Llinás and Yarom 1981) . E cells (Buchanan and Grillner 1987; Buchanan et al. 1989) . A The LVA calcium conductance has been modeled previously in subsampling was done to restrict the computational demands. To the thalamocortical relay neurons (Destexhe et al. 1993a (Destexhe et al. ,b, 1994 ; behave more realistically, cell sizes, synaptic conductances, and Huguenard and McCormick 1992; McCormick and Huguenard delays were distributed normally with a standard deviation of 15% . Background noise was added (as a con-1992; Rush and Rinzel 1994; Wang et al. 1991) . stant) when the segmental population network was simulated, exIn the lamprey, the somatodendritic effects of g-aminobucept when stated. The initial transient part lasted for 1-2 s, and the tyric acid-B (GABA B ) receptor activation have been studied simulation data was analyzed only after 3 s when regular activity on premotor interneurons and motorneurons (Matsushima et appeared. Parameters for synaptic strength are found in Hellgren al. 1993) where both LVA and HVA calcium currents were et al. (1992) . The lateral interneurons that were included in earlier found to be reduced by GABA B receptor activation. At the models (Buchanan 1992; Grillner et al. 1988; Wallén et al. 1992;  network level, GABA B receptor activation decreases the Williams 1992) are not required in the cell population model, and burst frequency (Tegnér et al. 1993) . The purpose of this because there is no evidence to suggest that they play a significant study was to model the LVA calcium current using the role, they are not included (Fagerstedt et al. 1995; Hodgkin-Huxley formalism based on available experimental 1992). data (Matsushima et al. 1993) , to investigate whether the DATA COLLECTION AND ANALYSIS. The simulations used the LVA calcium model can account for the experimental find-UNIX-based simulation program SWIM (Ekeberg et al. 1994) ings at the cellular level, to experimentally compare network running on DEC machines. The single-cell simulations were anaeffects of the sAHP and the LVA calcium current, respec-lyzed by using MATLAB (MathWorks), and the frequency for the network simulations was calculated automatically by detection tively, and to examine if the frequency reduction induced of the individual spikes. The term burst frequency refers to the by GABA B receptor activation could be due to the reduction number of bursts per second, i.e., the reciprocal of the cycle duraof the LVA calcium conductance. In addition to the somatotion that is the time interval between the midpoints of two succesdendritic GABA B effects on LVA and HVA calcium cur-sive bursts. The coefficient of variation was calculated as the ratio rents, there is also a presynaptic modulation on primary of the standard deviation and mean. afferents (Christenson and Grillner 1991) and propriospinal interneurons via GABA A and GABA B receptors (Alford and Model of LVA calcium channel, calcium pool, and Grillner 1991; Alford et al. 1991) .
implementation into SWIM
M E T H O D S
The functional significance of the LVA calcium conductance is
Single cell, segmental population model and data analysis that an inhibitory input can remove the inactivation and elicit a of the simulations elicited, it is called a rebound spike. The term rebound refers either
to a rebound spike or a rebound depolarization. Based on previous experimental (Bal and McCormick 1993; Coulter et al. 1989; ) and simula-
tion (Destexhe et al. 1993a (Destexhe et al. ,b, 1994 Rush and Rinzel 1994; Wang et al. 1991 ) studies on thalamic Thus because a low value of h represents a large degree of inactivarelay cells and thalamic nucleus reticularis (nRT) neurons, we tion whereas a large value corresponds to deinactivation, we will have extended our previous Hodgkin-Huxley based cell model refer to h itself as deinactivation. (Ekeberg et al. 1991) to include a LVA calcium conductance that Like most other neurons, lamprey spinal neurons exhibits spike underlies the rebound. Following previous work (Coulter et al. frequency adaptation, which is due to K (Ca) channels. During con-1989; Destexhe et al. 1993b; Rush and Rinzel 1994; Wang et al. tinuous firing, the intracellular calcium level is increased and acti-1991), we have used the m 3 h form for the conductance for reasons vates a K (Ca) current. It therefore has been important to model given below. The important point is that the LVA calcium current the intracellular calcium in addition to the K (Ca) channels. The has an inactivation (a low value of h) in addition to the activation intracellular calcium has been modeled previously by using two (a large value of m). This means that the channel is modeled using different ''intracellular pools'': a fast Ca AP pool for the calcium three states (open, closed, and inactivated) and first-order reactions inflow during the action potential and a slow Ca NMDA pool for with different rate constants give the transition rates between the calcium entering through the NMDA channels (Brodin et al. states (Hille 1992; Hodgkin and Huxley 1952) . It is important that 1991). Both the fast (Ca AP pool) and slow (Ca NMDA pool) calcium the net conductance is in the correct potential range, to some extent pools have parameters for calcium ion influx and decay. In addition, independently of the choice between the m 3 h or m 2 h form, to allow for the Ca NMDA pool, a variable between 0 and one is added, reprethe possibility of scaling the net conductance by tuning the maximal senting the Mg 2/ block. There is a possibility that the calcium conductance parameter G LVA . The parameters in the cell model inflow through LVA channels also could contribute to the activathereafter are tuned by comparison with experimental data on lam-tion of I K(Ca) current. In the present simulations, however, we have prey neurons (Matsushima et al. 1993) .
not assumed this to be the case. However, a third calcium pool Briefly, the potential for each compartment is computed by the was added to the simulation program SWIM for the intracellular following differential equation (Ekeberg et al. 1991) LVA calcium. The pool is modeled in a similar manner as the other two pools but separate parameters for the influx and decay
(1) of the LVA calcium pool is provided to allow for the possibility that the intracellular LVA calcium could have different kinetics compared with the other two pools. This third calcium pool has The passive model thus consists of a system of coupled differential not been used in this study because there is no direct experimental equations, with one equation for each compartment. The conducevidence suggesting that the calcium entering through the LVA tance G m represents the passive leakage current through the memcalcium channel activates a K (Ca) channel and because we aimed brane. The equilibrium potential of the leak is E leak and G core is the at using as small a model as possible to account for experimental conductance through which the compartments are connected. data on single cells (Matsushima et al. 1993 ). This, however, will The I channels term represents the summed currents entering into be investigated further in a later study (Tegnér and Grillner, in the compartment through all active ion channels. The current preparation). through LVA calcium channels, entering the soma compartment, In summary, in this study, we have implemented into the UNIXhas a sodium-like model, but with different kinetics ( different based simulation program SWIM (Ekeberg et al. 1994) , the LVA parameter values describing the m and h variables ) and is comcalcium conductance and the possibility of letting the LVA calcium puted as pool influence the K (Ca) channels. In this study, we tried to account
(2) for the experimental data using a simplified model without a separate LVA calcium pool. In a later study, we will test the possible where E LVA is the reversal potential for the LVA calcium channels, interaction among LVA calcium, LVA calcium pools, and the I K(Ca) which, in our simulations, is set to /150 mV (Llinás and Yarom current. 1981; , which is also the reversal potential for the high-voltage-activated calcium currents in the ear-Experimental protocol and data analysis lier modeling studies on lamprey neurons (Ekeberg et al. 1991) . Furthermore, G LVA is the maximum calcium conductance through PROTOCOL. Experiments were done on adult lampreys (Ichthyomyzon unicuspis) anesthetized with tricaine methane sulphonate the membrane (determined to 2.5 mS/cm 2 in this study) and m and h are the degrees of activation and deinactivation of the LVA (MS222, 100 mg/l). The spinal cord and the notochord were dissected in cooled physiological saline and pinned down in a channels, respectively. The activation of the LVA channels is described by Sylgard-lined chamber (Rovainen 1974; Wallén et al. 1985) and perfused with oxygenated saline containing (in mM) 91 NaCl, 2.1 KCl, 2.6 CaCl 2 , 1.8 MgCl 2 , 20 NaHCO 3 , and 4 glucose (pH
7.4). Fictive locomotion was induced by adding NMDA (Tocris Neuramin) to the saline . The GABA B agonist where a is the rate by which the channels switch from a closed to baclofen (Tocris Neuramin) and the inhibitor of K (Ca) channels, an open state and b is the rate for the reverse. The a and b apamin (Sigma), also were used in this study. The efferent motor parameters depend only on the membrane potential in the soma activity was recorded by using glass suction electrodes attached to and are given by the following expressions (Ekeberg et al. 1991 ; two reciprocal ventral roots exiting from the spinal cord. Intracellu- Frankenhaeuser and Huxley 1964) lar recording data and recording methods are described in Matsushima et al (1993) .
(4) DATA COLLECTION AND ANALYSIS. Data was acquired using a personal computer (486 PC-type) with AD/DA interface programs (AXOTAPE; Axon Instruments). Data were analyzed using The inactivation process of the LVA channels is described by a similar set of equations DATAPAC from Run Technologies.
pulse elicits a rebound spike after the hyperpolarization is ended (solid line in Fig. 1A ). Because the potential is clamped to 054 mV, the activation (m) and deinactivation (h) will reach a steady state value determined by their steady state kinetics (see Fig. 4 ). A high m value corresponds to a large degree of activation ( Fig. 1B ) and thus a low h value, which indicates that the LVA calcium channels are inactivated (Fig. 1C) . The factor m 3 h therefore be will ú0 in the steady state condition when the model cell is held at 054 mV. The applied negative pulse will remove the inactivation and consequently h increases (Fig. 1C ) on a time scale determined by its time constant (see below) at a given voltage. Similarly, m is reduced (Fig. 1B ) during the negative current pulse. When the pulse is released, the channel starts to activate faster than the rate of inactivation. The consequence of this difference in time constants is that a sizeable inward current develops (Fig. 1 D) that depolarizes the membrane potential to the extent that a spike is elicited (Fig. 1A , solid line). It should be noted that when the spike is repolarized, the sAHP is sufficient to remove the inactivation of the LVA channels (Fig. 1C , solid line). However, if a smaller current pulse is used, the amount of inactivation removed will be smaller (Fig. 1C , dashed line) and as a result, a smaller net inward LVA calcium current will occur which elicits only a rebound depolarization ( 
line).
A: a rebound spike ( ) occurred when a 100-ms pulse of 00.18 nA
In the example given above, the parameters were given was given. Spike itself is a conventional sodium potassium spike with a values according to induced by the negative pulse necessary for triggering a degree of deinactivation (h). Note smaller amount of removal of inactivation for smaller current pulse ( ---) during the negative current step. D: rebound spike using similar holding potential as in experinet effect of activation and deinactivation ( m 3 h), which is proportional to ment (Matsushima et al. 1993) . We changed the A-C values total inward current given by
( Table 1 ) and the maximal conductance for the channel, G LVA (we did not modify the reversal potential), and we
accepted the values when the required hyperpolarization values were in the order of 2-3 mV from the values found in Single cell the experiments (Matsushima et al. 1993) . Experimentally, The parameters for the LVA calcium channel used in our it is found that the probability of eliciting a rebound spike cell model were arranged in the following manner as a first increases when the hyperpolarization pulse amplitude is inapproximation, steady state activation and deinactivation creased (Fig. 2A2 ). The response amplitude is modified curves and time constants were taken from the literature from a rebound depolarization ( Fig. 2A1 ) and ( Fig. 2A2 ) Wang et al. 1991) . Sec-to a rebound spike (Fig. 2A3 ). When the membrane potenond, a fine tuning was done by using experimental data from tial of the model cell ( Fig. 2B ) was held constant, a similar lamprey spinal neurons (Matsushima et al. 1993) in which hyperpolarizing pulse amplitude dependency is present. the amplitude and duration of the hyperpolarizing current pulses were varied (Figs. 2 and 3). The simulations pre-TABLE 1. Parameters used in describing the LVA channels sented in Figs. 5-9 for the single model cell essentially followed (to be detailed below) from this tuning. neuron is held at 054 mV, and the larger negative current J498-6 / 9k0f$$ap20 08-27-97 14:46:28 neupa LP-Neurophys FIG . 2. Tuning of pulse current amplitude dependency of the rebound response. A: a lamprey neuron was given a 100-ms negative current pulse of increasing magnitude (A1-A3). A small current pulse (A1) gave a slight rebound depolarization whereas a large pulse amplitude gave a larger rebound depolarization (A2). In A3, an even larger pulse was sufficient to elicit a rebound spike. B: simulation of current pulse amplitude dependence. Same pattern is observed using current amplitudes of 00.10 (top ), 00.125 ( ---) and 00.16 nA (bottom ). Scale bar applies to both experimental recordings and simulation, and bar below voltage traces indicates duration of negative current pulse.
After a subthreshold pulse, a rebound depolarization is ob-only a rebound depolarization whereas a 40-ms pulse (Fig.  3A2 ) elicited a larger depolarization and sometimes a reserved both experimentally ( Fig. 2A, 1 and 2) and in the simulation (Fig. 2B , dashed and solid line below spike bound spike. Spiking occurred regularly with an even longer (60 ms) pulse (Fig. 3A3 ). The model cell (Fig. 3B ) showed threshold). Increasing the pulse amplitude results in a rebound spike (Fig. 2, A3 and B) . a similar dependence on duration, because, with increasing duration, the rebound depolarization increased to elicit a The second experimental characteristic used was the increased amplitude of the rebound depolarization with an rebound spike at 50 ms. In Fig. 3B , 2-4, the activation (m), deinactivation (h), and the net result (m 3 h) are shown (see increase in the duration of the negative current pulse at a given holding potential. A 20-ms pulse (Fig. 3A1) ) and activation ( ---) calculated using values in Table 1 with a longer pulse, although the kinetics for the activation The steady state kinetics for activation and deinactivation and their respective time dependence as shown in Fig. 4 . are relatively fast (in the order of 5 ms, Fig. 4C ). The inactivation (Fig. 3B3 ) is a slower process (see also Fig. The degree of inactivation is dependent on the holding potential (Fig. 4A , h ϱ , solid line). If a model cell is held at a 4D). This means that the longer duration of the pulse, the larger the removal of inactivation (h increases). Note also depolarized potential, the channel is inactivated to a large degree (small h), and consequently a hyperpolarizing step that in the trace in which the action potentials are elicited a substantial removal of inactivation occurs. The net effect is will remove this inactivation. The activation (Fig. 4A, m ϱ , dashed line) on the other hand is lowered when the model that a larger m 3 h factor is generated by using a longer pulse (Fig. 3B4 , dashed line, the longest pulse) leading to a larger cell is hyperpolarized. However, because the deinactivation and activation curves intersect at a non-zero level, an interval inward current and consequently to a rebound spike.
exist in which the m 3 h factor becomes large enough to induce STEADY STATE KINETICS FOR THE ACTIVATION AND DEINACa sizeable inward current (Fig. 4B ). Obviously m 3 h will be TIVATION. Using the 12 different A-C values represented 0 whenever either m or h is 0. An important feature of the in Table 1 (see also METHODS ), the time constants for activa-LVA calcium is the short time scale for activation (t m ) tion and deinactivation were calculated from the following shown in Fig. 4C , and the long time scale for deinactivation equations: (Hille 1992) (t h ) shown in Fig. 4D , approximately in the range of 30-
350 ms depending on the holding potential. For example, if a model cell is held below spike threshold and a negative and the steady state activation and deinactivation by (Hille current step, sufficient to elicit a rebound spike, is given 1992) then the potential during the negative step is usually 070 mV or larger and t h consequently is ú100 ms while t m is (A3), a rebound spike is elicited. Note that latency for spike at 055 mV is longer compared with that when cell is held at 053 mV. There is also a tendency for a rebound depolarization after first spike when cell is held at 053 mV (r, A3). Bar below voltage traces indicates duration of negative current pulse. B: simulated neuron is held at 053 mV (B1, ---), 055 mV (B1, middle ), and 058 mV (B1, ). There is no rebound spike at 058 mV and rebound spikes appear with latency differences similar to experiments when model cell is held at 055 and 053 mV. Net effect of activation ( m, B2) and deinactivation (h, B3) is shown in B4 (m 3 h factor). Note also large m 3 h factor initially after release of negative current pulse. Duration of current pulse is 100 ms in A and B.
that the rate of inactivation during the release of the negative ing potential and spike threshold has been reduced. If the current step is slow enough to permit a transient inward model cell is held in the ''rebound range'', the rebound current to be generated. depolarization will be larger the more depolarized the model cell and eventually an action potential will be elicited. Fur-ROLE OF HOLDING POTENTIAL FOR THE LATENCY OF REthermore, at a more depolarized level the m 3 h factor will be BOUND SPIKES AND THE OCCURRENCE OF SEVERAL REBOUND larger as shown in Fig. 5B4 (see also Fig. 4B ). Note how SPIKES. The closer the holding potential is to the threshold the activation (m) increases with degree of depolarization for eliciting an action potential, the larger the likelihood to ( Fig. 5B2 ) and how the deinactivation, (h in Fig. 5B3 ) elicit a large rebound depolarization or spike (Matsushima changes with holding potential. A large m 3 h factor (Fig.  et al. 1993 ). The holding potential threshold for the occur-5B4) means a large LVA calcium current resulting in a rence of a rebound spike (for a given pulse amplitude and larger depolarization when the hyperpolarizing pulse is reduration) was around 055 mV in the cell illustrated in Fig. leased. The most important factor is the m value, which at 5A, 1-3. The second observation is that the spike occurs more depolarized potentials gives a larger m 3 h factor initially earlier when the cell is more depolarized (Fig. 5A, 3 comafter the negative pulse is released, even though the h value pared with 2). Note also that at 053 mV, a second rebound is smaller when the model cell is held at 053 mV as comdepolarization occurs because the AHP following the first pared with 055 mV. The slight difference in the time scale spike has removed the inactivation of the LVA calcium chanof activation may also play a role (Fig. 4C) . From the tuning nel e.g., deinactivated the LVA calcium channel (arrow in of the model (Figs. 2 and 3) , it follows that the holding Fig. 5A3 ). This also was found in the simulations (Fig. 5B) potential threshold for the spikes is similar and that there when a hyperpolarizing pulse of similar amplitude as in the is a shorter latency to spike when the model cell is more experiments was provided. In Fig. 5B1 , the model cell is depolarized and is stimulated in a similar manner to the held at 058 mV (the lowermost solid line) and there is no experiments. rebound spike, whereas at 055 mV (middle solid line) or Another important property of lamprey neurons (Matsu-053 mV (dashed line), a rebound spike occurs. The spike shima et al. 1993 ) is their ability to produce a sustained also occurs earlier when the model cell is more depolarized firing following a single negative current pulse, hereafter (compare the dashed line with the top solid line in Fig.  5B1 ). This occurs because the difference between the hold-referred to as a rebound train (Fig. 6) A: a 100-ms current pulse elicits a train of rebound spikes (3 last spikes are indicated by arrowheads) in a lamprey neuron when cell is held at 052 mV (this is same cell as in Fig.  5A ). Note positive slope on voltage during negative current pulse as indicated ( ). Scale bar also applies to B and C. B: simulated cell is held at 048.5 mV, and reversal potential of slow afterhyperpolarization (sAHP) is changed from 080 to 077 mV. Note similar positive slope during negative current pulse as compared with experiment in A. C: simulated cell is held at 054 mV, and reversal potential of sAHP is changed from 080 to 085 mV. Note that under these conditions, no positive slope during negative current pulse and only a single rebound spike is evoked. Bar below voltage traces in A-C indicates duration of negative current pulse. D: parameter plot of holding potential and reversal potential of sAHP vs. occurrence of a train of rebound spikes or not. A similar current is used in all cases, and simulations in B and C are indicated in D. Line connecting ᭺s separates parameter area in which a rebound train occurs or not. ---, how boundary between single spikes and rebound trains is translated if maximal conductance of sAHP is increased ( /20%) or decreased (020%). E: this shows activation (m, E1) and deinactivation (h, E2), and net effect (E3) for simulations in B ( ) and C ( ---). Note larger degree of activation when model cell is held at a more positive holding potential, resulting in a larger net current even though degree of removal of inactivation is larger (E2, ---) when model cell is held at a more hyperpolarized potential.
at the potential just below the threshold for the action poten-the parameter space in which the model cell is more depolarized and/or the sAHP reversal potential is more negative, tial, a single hyperpolarizing current pulse can give rise to a long-lasting spike train. It also should be noted that the whereas in the lower part, there is only a single rebound spike. In conclusion, the sAHP has to be large enough comvoltage slope during the negative pulse is positive when the cell is held at 052 mV (indicated in Fig. 6A with a solid pared with the holding potential to remove the inactivation sufficiently to generate an inward LVA calcium current (m 3 h line) but not if the holding potential is changed to 055 mV (Fig. 5A2 ) in this cell. The simulations here are used with factor in Fig. 6E3 ) and trigger a new rebound spike. Figure  6 , B and C, shows two simulations with repetitive and single the purpose of analyzing 1) the factors determining whether there will be a single rebound spike or a train and 2) the rebound spikes, respectively, with parameter values as indicated in Fig. 6D . Because the reversal potential for the sAHP factors that determine the slope during the negative current pulse at depolarized holding potentials. The difference be-was important for the occurrence of rebound firing, the effect of increasing and decreasing the maximal conductance of tween a given holding potential and the reversal potential for the sAHP is a crucial factor for the first set of factors the sAHP also was tested. A reduction or increase of the conductance of the sAHP by 20% modifies the location of above in 1. Figure 6D shows a parameter plot of the holding potential and the reversal potential of the sAHP for the simu-the boundary line (solid line, Fig. 6D) ductance decrease, at a given holding and reversal potential trains, the positive slope during the negative current steps at depolarized levels, the holding potential range of the rebound of the sAHP at the boundary in the control, forces either the reversal potential of the sAHP to be lowered or holding the depolarization and the fact that the amplitude of negative voltage deflections during the current step is larger in the model neuron at a more depolarized membrane potential in order to elicit a train of rebound spikes (dashed-dotted line, rebound range. Fig. 6 ).
SIMULATION OF GABA B RECEPTOR INDUCED EFFECTS
When the model cell is held at a more depolarized level ON REBOUND PROPERTIES AND SINUSOIDAL STIMULATION. (Fig. 6B, 048 .5 mV), the slope is positive during the nega-GABA B receptor-activation through the agonist baclofen retive current pulse in contrast to when the model cell is held duces the LVA calcium current in voltage-clamp experiat 054 mV (Fig. 6C) . The m 3 h factor (Fig. 6E3 , solid line, ments (Matsushima et al. 1993) , and it also decreases the compare also with Fig. 4B ) is ú0 during the negative current rebound depolarization and the tendency for rebound firing step at the more depolarized holding potential, indicating (Fig. 8A, 1 and 2) . Therefore, a reduction of the LVA calthat a positive calcium current will develop during the pulse cium conductance can be used to simulate this effect of and depolarize the model cell slightly during the negative GABA B receptor activation. When the conductance is recurrent pulse. The underlying cause of this phenomena is duced by 30% (as estimated from voltage-clamp experithe larger degree of activation (Fig. 6E1, solid line) at the ments) in the simulations the rebound spiking (Fig. 8B1 , more depolarized holding potential combined with a certain solid line) is prevented (Fig. 8B1, dashed line) , although a amount of deinactivation with a longer time constant (Fig. rebound depolarization occurs in response to the same cur-6E2, solid line) resulting in a larger m 3 h value (compare rent amplitude. Even if the current strength is increased suf- Figure 6E1 , dashed line, which corresponds to the 054 mV ficiently to induce a larger hyperpolarization during the negaholding used in Fig. 6C ). We therefore conclude that the tive current step, no rebound spike occurs. In Fig. 8B2 sucdepolarizing slope occurring during a negative current pulse cessive reduction of the conductance is simulated, resulting at a depolarized holding potential can be accounted for by in progressively smaller rebound depolarizations (dashed a LVA calcium current. lines). The negative voltage deflection (top dashed line) in Other aspects of the rebound are in which holding poten- Fig. 8B1 is somewhat smaller than during application of the tial range it occurs and how the amplitude of the negative same current amplitude used in the control. The underlying voltage deflection depends on the holding potential (Fig. 7) . mechanism is the same as with the increased amplitude of When the model cell is held at 061 mV (Fig. 7A , solid the hyperpolarization when a model cell is held in the reline), a rebound spike occurs, whereas at 064 mV (Fig. 7A, bound range (Fig. 7) . The ''tonic'' LVA calcium current at dashed line), no rebound occurs even if the current ampli-a depolarized level is smaller in the steady state when the tude is increased (not shown); this compares well with the LVA calcium conductance is reduced, and, consequently, experimental range (Fig. 7B, dashed line) . The degree of the removal of this smaller inward current will result in a activation (m) is reduced markedly when the holding poten-smaller depolarizing effect on the membrane potential during tial is lowered (see also Fig. 4 A) , and the m 3 h factor thereby the negative step as compared to the control. will become negligible at potentials below 062 mV (Fig. To mimic the oscillatory behavior of neurons during fic-4B); this accounts for the lower holding potential limit of tive locomotion, current was injected using a sinusoidal the rebound spike. waveform ( Fig. 9A ) (see Matsushima et al. 1993) . Addition Another observation in the experiments was that the am-of 20 mM baclofen induces a slower rising phase for the plitude of the potential change in response to the negative potential and consequently a delay of the first spike. This current increases (range from 011 to 014 mV) when the current is due to a LVA calcium current (Matsushima et holding potential is depolarized (Fig. 7B, solid line, ᭺) . A al. 1993 ). This effect can be simulated by reducing the curve with a similar shape (see also DISCUSSION ) was ob-conductance for the LVA calcium channel by 30% (Fig.  tained in the simulations (Fig. 7B, solid line,  * ) . A model 9B, dashed line), resulting in a delayed first spike (Fig. 9B , neuron with a LVA calcium current will have a positive solid line). Figure 9 , C and D, illustrates the dynamic inward current when the holding potential is depolarized changes in activation and de-inactivation during the cycle, (see Fig. 4) ; this means that less positive current will be and Fig. 9E shows the resulting m 3 h factor. This delay of needed in the rebound range to depolarize the model cell to the spike is essentially due to the reduced m 3 hg factor (the a certain level. However, during the negative current pulse, g refers to the maximal LVA calcium conductance, G LVA , see this maintained inward current will be reduced due to a also Fig. 9E , dashed line) for the calcium current resulting in reduction in m leading to a larger hyperpolarization caused a smaller net inward current than in control (Fig. 9E , solid by the negative current step in the rebound range, as com-line). A modification of LVA calcium currents is a sensitive pared with a more hyperpolarized holding potential at which mechanism, because the depolarization of the membrane pothis LVA calcium conductance is not present (not illus-tential (Fig. 9B, dashed line) without eliciting a spike results trated). Therefore, the amplitude of the hyperpolarizing step in an increased degree of inactivation (Fig. 9D, dashed line) , will be larger when the model cell is held in a range where which in itself further delays the occurrence of a spike. In a rebound occurs, that is, in the potential range in which the conclusion, by a small reduction of the conductance, a large inactivation of the LVA calcium channel could be removed effect on the timing of the first spike could be induced. by a negative current step. A: an intracellular recording in which a rebound spike is elicited in control but not in 20 mM baclofen because g-aminobutyric acid-B (GABA B ) receptor agonist that reduces LVA calcium conductance (A2) prevents the rebound spike. Addition of 20 mM baclofen reduces calcium current and only a rebound depolarization is observed. B: in B1, reduction is simulated by reducing conductance for LVA calcium channel by 30%. In control ( ), a current of 00.175 nA was used, and when conductance was reduced by 30% ( ---), following currents were used: 00.175, 00.20, and 00.22 nA. Traces corresponding to largest current pulse are indicated in figure. Hence, even a larger current compared with control failed to elicit a rebound spike. In B2, different amounts of reduction ( ---, 15% bottom; 30% middle; 50% top) were simulated using a 00.175 nA current pulse, and holding potential was changed accordingly to changes induced by different steady state level of LVA calcium due to different amounts of reduction of that conductance. the single cell simulation level), the burst frequency curve deviates, at an NMDA level of 0.6 corresponding to the steepest rising phase, as compared with burst frequency curves with lower levels of LVA conductance. Thus this corroborates that the LVA conductance level in the single cell simulations are in the correct order of magnitude. The frequency increase due to the LVA calcium channels when the network is driven either by NMDA or AMPA/kainate is due to the faster rising phase, as the network switches from activity in one hemisegment to the other. The effect on the frequency is solely due to the C cells in the simulations because removing the LVA calcium channels on E cells is without effect. This is expected as the C cells are crucial for the switch from activity on one side to the other. Another factor that also may contribute is a general depolarization of the model cells in the network since an inward steady state current occurs at membrane potentials above 060 mV. This contribution is, however, small. This conclusion is based on comparisons of the membrane potential for model cells in the network when either the frequency was increased by elevating the background AMPA/kainate level or by increasing the LVA calcium conductance. The outcome of this analysis was that an increase in AMPA/kainate increases the membrane potential much more than the effect of an increased LVA calcium conductance. However, the depolarization after the release of the hyperpolarization of the inhibited hemisegment was faster with an increased LVA calcium conductance. GABA B receptor activation reduces the HVA calcium currents and thereby the sAHP (Matsushima et al. 1993) , the LVA calcium currents (Matsushima et al. 1993) , and the amplitude of the excitatory and inhibitory synaptic transmission through presynaptic inhibition from network interneurons (Alford and Grillner 1991; Alford et al. 1991) . To address the mechanism(s) responsible for the experimentally observed frequency reduction induced by baclofen (Tegnér et al. 1993) , fictive locomotion was induced by NMDA in FIG . 9. Experimental and simulation data on the effect of sinusoidal the lamprey spinal cord preparation (Fig. 12 ). Under control current stimulation. A: experiment with sinusoidal current injection (1.4 Hz) in control and after addition of 20 mM baclofen (GABA B receptor conditions, the frequency is Ç2.2 Hz whereas addition of agonist), which delays first spike. B: control ( ) and LVA calcium apamin, which markedly reduces the sAHP, reduced the frechannel reduction (30%, ---) in simulation. Note that reduced conductance ( ---) delays first spike. C: degree of activation (m). D: degree of deinactivation (h). E: net effect of activation, deinactivation, and reduced conductance ( ---) compared with control ( ). Conductance is included in addition to m 3 h factor because baclofen effects are simulated by reducing maximal conductance for LVA calcium channel. Note increased delay in reduced case ( ---, also indicated, f, in A and D) after the spike has occurred in control due to inactivation ( D) when model cell is depolarized.
(see Fig. 10 and METHODS ). Activity was induced either by simulated AMPA/kainate (Fig. 11A ) or NMDA excitation (Fig. 11B) . If LVA calcium channels were added to all model cells in the network, the burst frequency was increased at given AMPA/kainate level (Fig. 11A1) . With an increase in the LVA calcium conductance, the faster the burst frequency increased for a given level of AMPA/kainate. The 1.0 level corresponds to the conductance used in the single cell simulations (Figs. 1-9 ). Essentially the same effect is quency to Ç2.0 Hz. This slight reduction is in accordance plete breakdown of the rhythmic activity. At higher frequencies (2-2.5 Hz), the effect of apamin on locomotor frewith earlier studies (El-Manira et al. 1994) , in which it was found that at low locomotor frequencies an addition of quency was small (Fig. 12B) . If baclofen was added (n Å 3), the frequency was reduced more markedly (1.3 Hz). apamin markedly reduced the frequency or caused a com- FIG . 12. Effect of experimentally reducing LVA calcium current during fictive locomotion. A: NMDA (150 mM) is used to induce rhythmic activity in lamprey spinal cord. Extracellular recordings are made from a ventral root. B: addition of 2.5 mM apamin, which markedly reduces sAHP has a small effect on frequency. C: addition of 20 mM baclofen reduces frequency. This means that the experimentally induced GABA B receptor small. However, in Fig. 13A , a simulated network is activated by a low level of AMPA/kainate (1.0 arbitrary units), effect on the frequency of the motor activity is not only due to the sAHP mechanism, but, in addition, to a reduction of and the activity is mainly dominated by single reciprocal spikes from two reciprocal C model neurons. When LVA the current through the LVA calcium channels and/or to presynaptic inhibition (see DISCUSSION ) . calcium channels are added, a more burst-like pattern appears (Fig. 13B) . This is an effect of the enhanced depolar-EFFECTS OF LVA CALCIUM CHANNELS ON THE REGULARITY ization in the rising phase, leading to several spikes. In these OF FICTIVE LOCOMOTION IN A SIMULATION MODEL. It has simulations, there is no noise, but the effects also are obbeen observed previously that an AMPA/kainate-driven served if noise is used, although they are less pronounced. model network exhibits a more regular burst pattern at higher When using noise, the probability for an occasionally larger frequencies than an NMDA-driven network (Hellgren et al.
depolarization increases, leading to more sustained firing. 1992; Walléń et al. 1992) . This is confirmed in these simula-
In conclusion, LVA calcium channels appear to be more tions by calculating the coefficient of variation (see METH- important for frequency regulation than for the stability of ODS ) for both the AMPA/kainate (Fig. 11A2) and the the rhythm. The LVA calcium channels, however, could be NMDA driven network (Fig. 11B2) . The most regular activimportant in the lower frequency range and possibly extend ity is found with the AMPA/kainate-drive Ç5 Hz (Fig. the frequency range in which the network can produce a 11A2). The addition of LVA calcium channels does not regular pattern of activity. affect the degree of regularity as measured by the coefficient of variation either in the AMPA/kainate (Fig. 11A2 ) or in the NMDA condition (Fig. 11B2 ).
D I S C U S S I O N
Another way to address the issue of regularity is to test if the addition of LVA calcium channels could influence the We have extended the previously developed cell model (Brodin et al. 1991; Ekeberg et al. 1991; Hellgren et al. network when it is driven with a low excitatory drive. It should be noted that in this range the network is not operating 1992; Tråvén et al. 1993 ) with a LVA calcium channel that can account for the rebound properties of the single cell in a bursting manner because the excitatory drive is too J498-6 / 9k0f$$ap20 08-27-97 14:46:28 neupa LP-Neurophys (Matsushima et al. 1993) ; this allows a test of the functional REBOUND TRAIN. It was also important to determine under what conditions a rebound train could be evoked after a consequences of the LVA calcium channels on the network level. An earlier model of the lamprey spinal neuron (Eke-single stimulus in the simulations because, experimentally, it was not clear why a rebound train could be evoked. A berg et al. 1991) was sufficiently realistic to account for the firing behavior, for adaptive mechanisms using K (Ca) , and key factor determining whether a single or several rebound spikes (rebound train) would occur was the holding potential for NMDA-induced oscillations in tetrodotoxin (Brodin et al. 1991) .
for a given reversal potential of the sAHP (E KCa ). The sAHP had to be large enough as compared with the holding potential to remove the inactivation of the LVA calcium current Characteristics of the rebound and single cell simulations to a sufficient degree. This constraint suggests that the paThe LVA calcium-induced rebound occurs in a certain rameter value used for the reversal potential of the sAHP in range of membrane potentials. It is characterized by the earlier simulations (Brodin et al. 1991; Ekeberg et al. 1991;  following properties: there is a ''holding potential window Tråvén et al. 1993) should be lowered (around 060 to 050 mV) within which the rebound occurs, from 080 to around 085 mV (Fig. 6D) if a rebound train the amplitude of the rebound increases with the amplitude is to be evoked in the holding range of 052 mV. This concluof the hyperpolarizing (inhibitory) pulse, the amplitude of sion is also supported by experimental data, which suggest the rebound increases with the duration of the hyperpolariz-a reversal potential for the sAHP around 085 mV (see Fig.  ing (inhibitory) pulse, and, finally, if the neurons are held 1A in Matsushima et al. 1993) . Additionally, a modification at a depolarized level close to the action potential threshold, of the conductance for the sAHP in the simulations affects a single hyperpolarizing pulse, can generate a sequence of the model neurons' ability to fire a train of rebound spikes. rebound spikes due to the rebound depolarization after each A change in the G sAHP essentially follows changes in E KCa . postspike afterhyperpolarization. This appears to be of par-A decrease of the G sAHP reduces the tendency of rebound ticular importance in the inhibitory reciprocally connected trains for a given holding potential. A more depolarized C interneurons. The LVA calcium property thus makes the value of the E KCa also reduces the occurrence of rebound neuron more excitable, which could be interpreted as a cellu-trains. This could be important for the regularity of network lar mechanism playing a similar role as the post inhibitory activity (see below). For a given cell, the reversal potential rebound (PIR) property does in the model introduced by does not change significantly over time whereas it may be Perkel and Mulloney (1974) . The PIR variable in their differ among different cells. model increases as the model neuron receives inhibitory im-SLOW DEPOLARIZATION DURING A HYPERPOLARIZING STEP. pulses leading to an increased excitability. The deinactivaIt was found experimentally and subsequently in the simulation of the LVA calcium current during the negative current tions, somewhat unexpectedly, that neurons held at a more pulse thus plays a similar role as the PIR variable. After the depolarized membrane potential showed a sag during the cell model was tuned to experimental data by essentially negative current step (Fig. 6A) . The simulations showed using the second and third properties above, the single cell that there was a larger m 3 h factor during the negative current model was tested by performing simulations under condistep ( Fig. 6E3 ) at more depolarized levels, due to a larger tions for which it was not initially tuned. The sensitivity of degree of activation (m) resulting in an inward LVA current the parameter variation for the simulation results is stated causing a depolarization. Thus the LVA channels could acwhenever relevant.
count for this sag in the experiments, however, it cannot be ROLE OF HOLDING POTENTIAL. The simulation model cap-excluded that other conductances could be involved as well. tured the holding potential dependence for the existence and variation in the latency of rebound spikes (Fig. 5) . The POTENTIAL RANGE. The potential range in which a depolarization occurred during the negative current step coincides increasing m 3 h factor at more depolarized levels can account for the difference in latency of the rebound spikes (Fig. 5 , with that at which the neuron is able to generate a rebound.
The holding potential range, in which a rebound could occur A2, A3, and B1), because larger net inward current is created, initially leading to a shorter delay for the first rebound spike. was similar in experiments and simulations (Fig. 7) . Furthermore, the holding potential influences the amplitude of This simulation result is due to the fact that the model cell is held on the side of the m 3 h curve at which the slope is the hyperpolarization in a similar manner in experiments as well as in simulations (except at the most depolarized level) positive (see also Fig. 4B ). Hence, this result is sensitive to the B values (for a and b, see Table 1 ) because they and the hyperpolarization during the negative current step (Fig. 7B ). The U shape of the experimental curve was unexessentially determine at which holding potential the m and h curves will intersect. The magnitude of the voltage separa-pected. When a cell is held in the rebound range, the LVA calcium current will be non-zero (see also Fig. 4B) , and tion between m 1/2 and h 1/2 determines the magnitude and voltage relationship of the m 3 h factor. The absolute value of when the cell subsequently is hyperpolarized by a negative current pulse, the size of the inward LVA calcium current t m as determined by A am is also important, as it affects the rise time of the voltage when the negative current is released will be reduced, leading to a larger hyperpolarization as compared with the condition in which there is no LVA calat a given holding potential. A reduced latency could be of importance at the network level because with a larger excit-cium current at the holding potential. Thus the solid line in Fig. 7B would be linear if the cell had been lacking LVA atory drive, cells tend to be more depolarized, and they will be activated with an action potential with a shorter delay calcium channels. A neuron equipped with a LVA calcium current will be hyperpolarized to a larger degree by an inhibiwhen equipped with a LVA calcium current, everything else being equal.
tory input within the LVA voltage range. Consequently, a larger degree of inactivation will be removed and a stronger main difference is that the net LVA calcium conductance is activated at a more depolarized level for lamprey neurons rebound response will be elicited. compared with thalamocortical relay neurons. In particular, LIMITATIONS. In conclusion, the cell model can account for the m 1/2 and h 1/2 are Ç5 mV more depolarized in lamprey a number of experimental details on the single cell level.
neurons. During fictive locomotion, a typical spinal neuron There are, however, some differences between the simulawill have a trough potential below the LVA voltage range tion model and the experiments, for example, the curve in that is below the peak of the m 3 h factor, which is approxi- Fig. 7B . Even though the overall shape is similar, the minimately at 050 mV (Fig. 4B ) and subsequently will depolarmum voltage occurs at different holding potentials. The onize to spike threshold and then repolarize back to the trough set of the increase of the hyperpolarized response (Fig. 7 B) potential again. Thalamocortical relay neurons have a resting is similar, which indicates that the m 3 h (Fig. 4B) is correct potential around 060 to 065 mV at which the LVA calcium in the lower voltage range. The minimum voltage in the current is inactivated and an inhibitory input is required to simulations occurs, however, at a more depolarized potential remove the inactivation to produce a rebound (compare with level as compared with the experiments. This is due to the Fig. 4B ). In comparison, the membrane potentials of lamfact that the m 3 h does not decrease sufficiently in the higher prey neurons are below the voltage needed for an activation voltage range. This is of minor importance for the behavior of the LVA calcium conductance during the ''nonspiking'' around threshold of the rebound. Another difference is that phase, whereas the membrane potential of thalamocortical there is an afterpotential in the simulations when the model relay neurons are above the working range of their LVA cell is held at 058 mV (Fig. 5B1) that is not present in the calcium conductance during their silent phase. The inferior particular recording illustrated (Fig. 5A1 ). These differences olivary neurons are similar to the thalamocortical relay neubetween the simulations and experiments are presumably not rons with a resting potential at 065 mV, and the peak LVA crucial, as the real cells are heterogeneous with regard to calcium conductance occurs at approximately 085 mV their LVA calcium properties (the maximal LVA conduc-(Llinás and Yarom 1981) as compared with the lamprey tance for example). For example, the positive slope during LVA calcium channel, which has the peak approximately at the negative current step occurs experimentally at different 050 mV (see Fig. 4B ). holding potentials (compare Fig. 2A and Fig. 6A ), and there
Recently, a novel type of LVA calcium current has been is no rebound depolarization in Fig. 5 A1, whereas the same observed in nRT neurons (Huguenard and Prince 1992), current stimulation in another cell evokes a rebound spike which underlies the prolonged calcium-dependent burst fireven at a more negative holding potential (Fig. 7B) .
ing. It is similar to the lamprey LVA calcium current because Another source for the differences between the simulathe activation and inactivation ranges are depolarized comtions and experiments could be the simplifications made in pared to the LVA calcium current previously described in the construction of the cell model. The original cell model the thalamocortical relay neurons [m 1/2 is 050 mV compared (Ekeberg et al. 1991 ) is of intermediate complexity, which with 059 mV and h 1/2 is 078 mV compared with 081 mV means that there is not a full representation of the dendritic in the study of Huguenard and Prince (1992)]. The net tree, due to insufficient data, although the model does have lamprey LVA calcium conductance is closer to the LVA several compartments. The underlying reason for this choice calcium current for nRT neurons than for thalamocortical is that the most important property to capture, at least inirelay neurons. In addition, the t m peak is around 060 mV for tially (Brodin et al. 1991; Ekeberg et al. 1991) , was the nRT (the t m peak in our model lamprey neuron is positive to electrical behavior of the cells together with the interplay 060 mV, see Fig. 4C ) compared with t m peak, which is between ion channels and the intracellular calcium pools to around 080 mV for the thalamocortical relay neurons. Interperform simulations on the network level. Another constraint estingly, nRT neurons can generate rhythmic sequences of was the lack of data on distribution of different channels in LVA calcium spikes when action potentials are blocked (usthe dendritic tree in lamprey neurons (Christensen and Teubl ing tetrodotoxin) and the LVA calcium spikes are separated 1979; ). As the modeling described in by a calcium-dependent afterhyperpolarization (Bal and this study is built upon these premises, the LVA calcium McCormick 1993). However, the LVA calcium current for channels were placed on the soma (together with the other nRT has a nearly voltage-independent deinactivation, which ionic channels), even though it is likely that they also are does not seem to be the case for spinal lamprey neurons localized further out in the dendritic tree. Such a modification (Matsushima et al. 1993 ). This should be investigated furwould probably modify the maximal LVA calcium conducther using cultured lamprey neurons (El-Manira and Bustance level (G LVA ). In conclusion, the cell model appears to siéres 1995). This voltage independence of the deinactivabe sufficiently complex to account for the rebound properties tion gives a longer burst firing for nRT neurons; this may but simple enough to allow an analysis on the network level.
be a critical factor in initiating intrathalamic and thalamocortical oscillations . Because the How does the LVA calcium model compare with LVA nRT neurons project to the thalamocortical relay neurons, calcium models in other systems? they may induce reverberatory rhythmic activity. In contrast, the lamprey simulation model does not generate oscillations Extensive experimental and computational studies have been carried out on thalamocortical relay neurons, which when a constant continuous current is injected (tested in various voltage ranges, not shown). In the model of thalamoalso posses a LVA calcium current (Bal and McCormick 1993; Coulter et al. 1989; Destexhe et al. 1993a Destexhe et al. ,b, 1994 cortical relay neurons (Wang et al. 1991 mentally. This has been further analyzed in a spiking model network when operating in a bursting mode did not make the pattern more regular as estimated by the coefficient of (Rush and Rinzel 1994), and either increasing the maximal LVA calcium conductance (G LVA ) or prolonging the t h variation (Fig. 11, A2-B2 ). This is consistent with earlier experiments in which the regularity of the burst pattern did (multiplying by a factor of 3) produced self-sustained oscillations (with spikes). This possibility was tested in the lam-not decrease when the GABA B receptor activity was increased by adding baclofen to the network (Tegnér et al. prey model by increasing G LVA (by a factor of 4-5) after which self-sustained LVA calcium oscillations could be 1993). However, the LVA calcium currents could be important for the regularity of the simulated network when the evoked. However, we have not yet looked for or observed such oscillations experimentally but this is something that excitatory drive is low (Fig. 13) . The LVA calcium induces a more burst-like activity because of the fast rising phase should be tested.
and increased tendency for trains of rebound spikes. This is to be compared with the finding (Perkel and Mulloney 1974) Simulation of GABA B -receptor-induced reduction of LVA that an addition of a post inhibitory rebound (PIR) to a calcium pair of reciprocally connected nonpacemaker model neurons The GABA B -receptor-induced reduction of the LVA cal-induces an alternating burst activity. An inhibitory pulse in cium current during a single negative current step (Fig. 8) their model could trigger a stable burst pattern, and it should and during sinusoidal stimulation, also was simulated (Fig. be noted that the lamprey model neurons are not pacemakers 9). Of special interest, in the latter case, was the observation when they are driven only by low levels of AMPA/kainate. that the LVA calcium conductance was reduced and the In addition, if the conductance of the K (Ca) channel (G KCa ) first spike was delayed due to a slower rising phase. As a is reduced, the tendency for rebound trains is reduced (Fig. consequence, the additional effect of a gradually increasing 6D). Interestingly, the K (Ca) channels are also important for the degree of inactivation of the LVA calcium channel re-the regularity of the bursting pattern in the low frequency sulted in a further delay of the first spike. The consequence is range (El-Manira et al. 1994) . Thus the K (Ca) -induced reducthat a small reduction induced by GABA B receptor activation tion of the ability of neurons firing rebound trains could could have a pronounced effect on the timing of the first contribute to the importance of the K (Ca) channels for the spike.
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